In order to explore the association of long-term high light (HL) with leaf senescence in wheat, two wheat genotypes Xiaoyan 54 (HL-tolerant) and Jing 411 (HL-sensitive) grown in low light were subjected to HL for 2-8 d. The results showed that 6-8 d of HL led to dramatic decline of chlorophyll content, photochemical efficiency, and activity of Rubisco and antioxidant enzymes. Meanwhile, the content of malondialdehyde (MDA), soluble proteins, soluble sugars, superoxide anion, and ascorbic acid increased markedly. Additionally, the expression of senescence-associated genes (SAGs) was induced by HL. Xiaoyan 54 accumulated less MDA, soluble sugars, and superoxide anions but showed a higher ratio of reduced to oxidized ascorbic acid than that in Jing 411 under long-term HL stress. Moreover, most of the assayed SAGs were less induced in Xiaoyan 54 than that in Jing 411. Altogether, the reduction of antioxidant enzyme activities and accumulation of soluble sugars may result in long-term HL-induced leaf senescence.
Wheat is a staple food source that contributes one fifth of calories and proteins of consumption for the world population (Braun et al. 2010) . However, in the last decade wheat yield increased below an annual rate of 1% which does not match the predicated increase at the annual rate of 1.7% until 2050 for the increasing population (Rosegrant and Agcaoili 2010, Zheng et al. 2011) . To meet the large gap, radiation-use efficiency (RUE) is considered an important approach for wheat genetic yield improvement (Horton 2000 , Richards 2000 , Foulkes et al. 2011 , Parry et al. 2011 , Reynolds et al. 2012 . Photooxidative stress induced by HL, a determining factor for RUE improvement, is a significant constraint for realization of wheat yield potential as it downregulates CO2 assimilation rate and promotes leaf senescence (De La Mata et al. 2013 , Juvany et al. 2013 , Pintó-Marijuan and Munné-Bosch 2014 . Therefore, it enables wheat genetic yield improvement via RUE improvement to understand the physiological and genetic mechanisms of tolerance to HLinduced photooxidative stress in wheat.
HL more than utilized for photosynthesis promotes the generation of reactive oxygen species (ROS), which have deleterious effects on photosynthetic apparatus and ultimately reduce growth and photoproductivity (Krause 1988 , Long et al. 1994 . When plants are transferred from low light (LL) to HL, a lot of changes occur in photosynthetic apparatus involved in short-term and long-term responses (Bailey et al. 2001 , Murchie et al. 2002 . Short-term responses take place on a timescale of seconds to minutes and include the state transition (Allen 1995) , regulation of PSII photochemical efficiency (Horton et al. 1996) , and activation of Rubisco (Salvucci and Ogren 1996) . Long-term responses involve the turnover of chloroplast proteins to modulate composition and function of the photosynthetic apparatus (Murchie et al. 2002 (Murchie et al. , 2005 . The photosynthetic acclimation of Arabidopsis to light intensity performs LL and HL responses (Bailey et al. 2001) . Generally, LL responses maximize the efficiency of light capture, while HL responses elevate the lightsaturated rates of photosynthesis and avoid the potential damage of photooxidative stress (Murchie et al. 2005) . Photooxidative stress usually results in the decrease of chlorophyll (Chl) content, maximal quantum yield of PSII photochemistry (Fv/Fm), antioxidants, and antioxidant enzymes as well as the enhancement of energy dissipation as heat, ROS, malondialdehyde (MDA), etc., which can be used as markers for leaf senescence (Pintó-Marijuan and Munné-Bosch 2014) .
In plants, the susceptibility to photooxidative stress is determined by leaf development (Juvany et al. 2013) . For example, the senescing flag leaf of wheat enhances sensitivity to HL and suffers from photooxidative stress during the grain-filling stage (Lu et al. 2001 (Lu et al. , 2002 (Lu et al. , 2003 Dai et al. 2004) . The downregulation of photosynthetic efficiency of senescing leaves is considered a kind of photoprotection process associated with nonphotochemical quenching (NPQ) via xanthophyll cycle to prevent the damage of photooxidative stress (Lu et al. 2001 (Lu et al. , 2002 (Lu et al. , 2003 Dai et al. 2004) . However, with the progression of senescence, the decline of NPQ and ROS detoxification of antioxidant enzymes enhances the susceptibility to photooxidative stress and accelerates leaf senescence in turn (Ohe et al. 2005 , Juvany et al. 2013 . Hence, for wheat plants during the late grain-filling stage, the causal association of photooxidative stress with leaf senescence of flag leaves is complex and difficult to make a clear conclusion due to the accompanying developmental leaf senescence. The tolerance to photooxidative stress induced by HL is genotype-dependent in cereal plants including rice (Jiao et al. 2001 (Jiao et al. , 2003 and wheat (Wang et al. 2000 , Yang et al. 2006 , 2007 Li et al. 2010b , Chen et al. 2011 . Compared with the HL-tolerant genotypes, the HL-sensitive genotypes are prone to premature leaf senescence (Jiao et al. 2003 , Li et al. 2010b . However, the direct evidence of HL-induced senescence lacked up till now. The objectives in the present study were (1) to study the photosynthetic, antioxidant, and expressional responses of senescence-associated genes (SAGs) and (2) to compare the responses of HL-tolerant and HL-sensitive wheat genotypes to long-term HL stress.
Materials and methods
Plant material and growing conditions: Two Chinese winter wheat Triticum aestivum L. cv. Xiaoyan 54 (XY54) and Jing 411 (J411) were used in this study. XY54, developed from a distant hybridization between tall wheatgrass (Thinopyrum ponticum, 2n = 10x = 70) and common wheat (T. aestivum, 2n = 42), maintains relatively high photosynthetic efficiency under stress conditions (Li et al. 2008) , while J411, a northern Chinese high-yielding variety, shows the high productivity and photosynthetic efficiency under nonstress conditions. Particularly, XY54 was tolerant, while J411 was sensitive to HL-induced photooxidative stress (Wang et al. 2000 , Yang et al. 2006 , Chen et al. 2011 .
After seeds were sterilized with 1.5% H2O2 overnight at room temperature, they were transferred to a nylon net in a plastic plate and grown in a growth chamber (HP1000GS, Wuhan Ruihua Instrument & Equipment Co., China) for one week. The 7-d seedlings were then transplanted in a plastic box with nutrition medium as described by Li et al. (2017) which was renewed every three days. The growth conditions were set as: 20/15°C (day/night), 14/10-h light/dark cycle with PPFD of 300 μmol m -2 s -1
and relative humidity of 40-60%. At 22 d after planting (DAP), the seedlings were separated into two parts. One was subjected to PPFD of 800 μmol m -2 s -1 provided by compact fluorescent light bulbs (F55BX/840, GE Lighting Co., USA) at 18-20°C and the relative humidity of 40-60% in a growth incubator (E36HO, Percival Scientific, USA). The first leaves were sampled for measurements at 0, 2, 4, 6, and 8 d after transfer from LL to HL, respectively. Meanwhile, another part of seedlings was still grown under PPFD of 300 μmol m -2 s -1 and the first leaves were used at 30 DAP as LL control (LL8d).
Photosynthetic pigments:
The content of Chl (a+b), Chl a, Chl b, and carotenoids (Car) were determined according to Arnon (1949) and Lichtenthaler and Wellburn (1983) with small modifications. About 0.05 g of leaf sample was extracted in 1.5 ml of 80% acetone in darkness at room temperature for three days when it fully turned to white. Then, the extracts were spectrophotometrically measured at 470, 645, 646, and 663 nm with a microplate reader (SpectraMax190, Molecular Devices, USA).
Chl a fluorescence was measured with a Handy-PEA fluorometer (Hansatech Instruments Ltd., UK). The middle parts of leaves were measured immediately after dark adaption for 20 min which is long enough to completely relax all nonphotochemical quenching of fluorescence. The saturated flash light intensity was set at PPFD of 3,000 μmol m -2 s -1 and the flash light duration was 1 s. The fluorescence parameters including Fv/Fm, performance index on absorption basis (PIABS), maximum trapped energy exciton per active PSII reaction center (TRo/RC), electron transport flux from QA -to plastoquinone (PQ) per active PSII reaction center (ETo/RC), dissipated energy flux other than trapping per active PSII reaction center (DIo/RC), and density of reaction center per excited cross section (RC/CSm) were obtained with PEA Plus software (v. 1.10) and computed following Strasser et al. (1995 Strasser et al. ( , 2004 .
Activity of Rubisco and PEPC:
Rubisco (EC 4.1.1.39) was assayed according to Khairy et al. (2016) with some modifications. About 0.05 g of leaf sample was homogenized in liquid nitrogen and extracted with 0.5 ml of a buffer consisting of 50 mM BTP (pH 7.2), 10 mM NaHCO3, 10 mM MgCl2, 1 mM EDTA, 0.5 mM ATP, 10 mM DTT, 1 mM PMSF, 1 mM benzamidine, 0.01 mM leupeptin, 1.5% PVPP, and 3 mM MBT. Rubisco activity was spectrophotometrically measured with a reaction buffer consisting of 1 M Tris-HCl (pH 7.2), 6 mM NADH, 0.1 M GSH, 0.5 M KHCO3, 0.5% glyceraldehyde-3-phosphate dehydrogenase, 10 units per 20 μl of 3-phosphoglycerate kinase, 0.05% α-glycerophosphate dehydrogenase-triose phosphate isomerase, 25 mM ribulose 1,5-bisphosphate (RuBP), 0.2 M ATP, 0.5 M MgCl2, and 10 μl of crude enzyme extract in a total volume of 0.2 ml. The decrease of absorbance at 340 nm in 5 min was recorded to compute Rubisco activity. One unit of Rubisco activity was defined as 1 nmol(NADH) per 1 min per 1 mg(protein) at 25°C.
Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) activity was determined according to Zhang et al. (2008) with small modifications. PEPC was extracted with 0.5 ml of the extraction medium consisting of 0.1 M Tris-HCl (pH 7.8), 10 mM MgCl2, 1 mM ethylenediaminetetraacetic acid, 20 mM mercaptoethanol, 10% (w/v) glycerin, and 1% polyvinylpyrrolidone. Then, 10 μl of crude PEPC extract was added to a final volume of 0.2 ml of the reaction buffer containing 50 mM Tris-HCl (pH 7.8), 10 mM MgCl2, 0.25 mM EDTA, 5.0 mM NaHCO3, 2.0 mM dithiothreitol, 4 U MDH, 0.1 mM NADH, and 2.0 mM PEP. The decrease of absorbance at 340 nm in 5 min was recorded to compute PEPC activity. One unit of PEPC activity was defined as 1 nmol(NADH) per 1 min per 1 mg(protein) at 25°C.
MDA and soluble sugar content: About 0.05 g of leaf samples were homogenized with a TissueLyser II (Qiagen, USA) and extracted with 1 ml of 5% trichloroacetic acid (TCA). After centrifugation at 12,000 rpm for 15 min, the supernatant was used to measure MDA and soluble sugars (SS) according to Ledwożyw et al. (1986) . The supernatant of 200 μl was mixed with equal volume of 0.6% thiobarbituric acid dissolved in 5% TCA, followed by incubation in boiling water for 15 min. After cooling on ice for 10 min and centrifugation at 12,000 rpm for 5 min, MDA and SS concentration were determined per fresh mass (FM) by recording absorbance at 450, 532, and 600 nm, respectively, according to Zhao et al. (1994) .
Activity of antioxidant enzymes and superoxide anion and ascorbic acid contents: After 0.05 g of leaf sample was grounded in liquid nitrogen, the crude enzyme was extracted with 0.5 ml of 50 mM potassium phosphate buffer (pH 7.0). Followed by centrifugation at 12,000 rpm, the supernatant was used for measurements of the antioxidant enzyme activities. Superoxide dismutase (SOD, EC 1.15.1.1) activity was measured by recording the absorbance at 560 nm according to García-Triana et al. (2010) . Catalase (CAT, EC 1.11.1.6) activity was determined by recording the decrease of absorbance at 240 nm per min following Sima et al. (2011) . Ascorbate peroxidase (APX, EC 1.11.1.11) activity was measured by recording the decrease of absorbance at 290 nm wavelength per min according to Ullah et al. (2016) . Peroxidase (POD, EC 1.11.1.7) activity was measured by recording the absorbance of 470 nm of wavelength according to Wang et al. (2014) . The activity of the antioxidant enzymes were calculated per mg(protein).
The superoxide anion (O2 •-) content was determined by recording the decrease of absorbance at 530 nm wavelength per min following De la Fuente et al. (1995) . The content of reduced ascorbic acid (AsA) and oxidized ascorbic acid (DHA) were determined per FM according to Imai et al. (2008) with small modification.
RNA extraction and first strand cDNA synthesis: Total RNA was isolated with TRIzol Reagent (Life Technologies, USA) and the first strand cDNA was synthesized with SuperScript III reverse transcriptase (Invitrogen, USA). About 2 μg of total RNA was denatured at 65°C for 5 min in the presence of 0.5 μg of oligo(dT)12-18 primers and 1 μl of 10 mM dNTPs. Subsequently, the tubes were immediately chilled on ice and reverse transcribed with 200 units of SuperScript III reverse transcriptase, 4 μl of first-strand buffer, 1 μl of 0.1 M DTT, and 1 μl of RNaseOUT™ recombinant RNase inhibitor in a total volume of 20 μl at 50°C for 60 min. The cDNA products were diluted to 80 μl before use.
Gene expression analysis:
The quantitative polymerase chain reaction (qPCR) assays were conducted with the StepOnePlus™ Real-Time PCR Systems (Thermo Fisher Scientific, USA) using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, USA) in a final volume of 10 μl including 2 μl of cDNA and appropriate primer pairs. The qPCR primers were designed according to the deposited wheat mRNA sequences using DNAMAN software (v. 5.2.2). The oligonucleotide qPCR primer sequences were listed in Table 1S (supplement). The primer sequences for TaSAG1-8 were designed according to Kajimura et al. (2010) . TaSAG12, TaSAG13, and TaSAG18 were homologous to AtSAG12 (At5g45890), AtSAG13 (At2G29350), and AtSAG18 (At1G71190), respectively. The qPCR primer sequences for TaActin taken as an internal control reference gene and TaNAM were described by Uauy et al. (2006) . The relative expression was following the comparative CT (the threshold cycle of qPCR) method (Schmittgen and Livak 2008) . Four replicates were performed for each sample. The specificity of the unique amplification product was determined by melting curve analysis.
Statistical analysis:
At least three independent biological experiments were carried out. Data were represented as mean ± SD. One-way analysis of variance (ANOVA) and multiple comparisons analysis were conducted by using SPSS statistical software (v. 13.0, IBM) . For multiple comparisons the LSD method for equal variance assumed was taken. Figures were created with the software SigmaPlot (v. 10.0, Systat Software Inc.) .
Results
Photosynthetic pigments: The changes in the content of Chl and Car were determined in XY54 and J411 when they were transferred from LL to HL for 2-8 d (Fig. 1) . For both cultivars, the content of Chl (a+b), Chl a, and Chl b declined dramatically from 6 d after transfer (DAT) with the lowest values being at 8 DAT, while the Car content increased significantly from 2 DAT and then dropped slightly at 8 DAT (Fig. 1A-D) . The Chl a/b ratio changed less, while the Chl (a+b)/Car ratio declined dramatically from 2 DAT in both cultivars (Fig. 1E,F) . The seedlings grown in LL for 8 d, indicated as LL8d, were used as LL control. In comparison with LL8d, 6-8 d of HL treatment accelerated Chl degradation and thus led to leaf senescence. Relatively, the Chl content in J411 started to decrease from 4 DAT, which was 2 d earlier than that in XY54, demonstrating that J411 was more sensitive to HL stress than XY54.
Chl a fluorescence parameters: The Chl fluorescence parameters including Fv/Fm, PIABS, TRo/RC, ETo/RC, DIo/ RC, and RC/CSm were measured to explore the responses of photochemical activity in wheat to long-term HL stress. The values of Fv/Fm ( Fig. 2A) , PIABS (Fig. 2B) , ETo/ RC (Fig. 2D) , and RC/CSm (Fig. 2F ) in both XY54 and J411 declined extremely when subjected to HL stress for even 2 d, suggesting that at 2 DAT HL stress led to severe repression of PSII photochemical activity and thus occurrence of significant photooxidative stress in both cultivars. With prolonging of HL treatment, the values of Fv/Fm, PIABS, ETo/RC, and RC/CSm declined continuously, reflecting the further damage of PSII. In addition, the values of TRo/RC in both cultivars decreased at 6-8 DAT (Fig. 2C) , indicating that long-term HL stress also repressed trapped energy flux. Meanwhile, the values of DIo/RC increased considerably at 8 DAT (Fig. 2E) , indicating that thermal dissipation was enhanced by long-term HL.
Photosynthetic enzyme activity:
The activity of Rubisco and PEPC were assayed to investigate the photosynthetic activity in wheat responding to long-term HL stress. For both XY54 and J411, the content of soluble proteins increased consistently when they were subjected to longterm HL stress (Fig. 3A) . The Rubisco activity increased about twofold at 2 DAT and then declined with prolonging of HL treatment, with the lowest value being at 8 DAT for both cultivars. Compared with 0 DAT and LL8d, the Rubisco activity in both cultivars was severely inhibited when subjected to HL for 8 d (Fig. 3B) , indicating that long-term HL stress largely inhibited photosynthesis. During HL treatment, the PEPC activity in XY54 kept relatively stable and declined slightly at 8 DAT, while in J411, it decreased markedly and consistently from 4 DAT. In addition, it was lower in J411 than that in XY54 at all sampling time points (Fig. 3C) . 
MDA, superoxide anion, and ascorbic acid contents:
In order to explore the oxidative responses of wheat to long-term HL stress, the amount of MDA, SS, O2
•-, and ascorbic acid in both XY54 and J411 were assayed after HL treatment. As shown in Fig. 4A , the MDA content in both cultivars was enhanced substantially and it was significantly higher in J411 than that in XY54, especially at 6-8 DAT, indicating that J411 may suffer more severe lipid peroxidation than XY54. Meanwhile, HL treatment also resulted in significant accumulation of SS and O2
•-in both cultivars (Fig. 4B,C) , indicating that the overproduction of ROS such as O2
•-may be ascribed to the accumulation of lipid peroxidation product, MDA. Further analysis demonstrated that when XY54 and J411 were exposed to long-term HL stress, the AsA content increased, while DHA content decreased (Fig. 4D,E) , and ultimately resulting in the increase of AsA/DHA ratio for both cultivars (Fig. 4F) . The AsA/DHA ratio reflecting reduction/oxidation state was lower in J411 than that in XY54, suggesting that the lower reduction state may result in more accumulation of O2
•-in J411.
Activity of antioxidant enzymes:
The activity of antioxidant enzymes including SOD, CAT, APX, and POD was assayed to study the responses of antioxidant enzymes in wheat to long-term HL stress. As shown in Fig. 5A , the SOD activity in XY54 declined significantly at 4-8 DAT, while it increased at 2 DAT and then decreased to the pretreatment level in J411. In LL, the SOD activity was lower in J411 than that in XY54, while in HL, no significant difference was observed for both cultivars. The CAT activity in J411 decreased significantly at 6-8 DAT, while it decreased markedly from 2 DAT in XY54 (Fig. 5B) , indicating that the CAT activity in XY54 was more sensitive to long-term HL stress than that in J411. The APX activity in both cultivars decreased dramatically at 4-8 DAT and it was significantly higher in J411 than that in XY54 at 8 DAT (Fig. 5C ). The POD activity in both XY54 and J411 decreased consistently when they were exposed to HL stress and it was significantly higher in XY54 than in J411 at every sampling time points (Fig. 5D) . It appeared that the accumulation of ROS such as O2
•-may be associated with the depression of antioxidant enzymes activity under long-term HL stress.
The expressional responses of SAGs to long-term HL stress:
To explore the progression of leaf senescence due to long-term HL stress, the expression profiling of 12 wheat SAGs was assayed in XY54 and J411 when subjected to HL stress. As illustrated in Fig. 6 , the expression of TaSAG1 (Fig. 6A) and TaSAG5 (Fig. 6E ) was induced and peaked in both cultivars when exposed to HL for 8 d. However, the expression of TaSAG2-4 (Fig. 6B-D) , TaSAG7-8 (Fig. 6G,H) , TaSAG12-13 (Fig. 6I,J) , and TaSAG18 (Fig. 6K ) was induced and peaked at 6 d of HL treatment. Meanwhile, the expression of TaNAM increased and peaked at 2 and 8 DAT (Fig. 6L) , respectively. Hence, the induction of TaSAGs by HL treatment for 6-8 d reflects the occurrence of leaf senescence induced by long-term HL stress. Furthermore, the induction of 9 of the 12 investigated TaSAGs was more pronounced in J411 than that in XY54 at 6 and/or 8 DAT, suggesting that J411 was more prone to long-term HL-induced senescence than the HL-tolerant cultivar XY54.
Discussion
Photooxidative stress induced by long-term HL is common for the upmost flag leaves of wheat canopy, especially during the late grain-filling stage, which downregulates CO2 assimilation rate, promotes leaf senescence, and results in grain yield loss ultimately. The situation in the fields is too complex to explore the promotion of long-term HL stress to leaf senescence for developmental and/or environmental cues. In order to investigate the association of long-term HL with leaf senescence, we examined the photosynthetic, antioxidant, and SAGs expression responses of wheat seedlings to long-term HL stress under controllable laboratory conditions. Previous study revealed that after HL treatment for less than two days, the content of Chl (a+b) and Chl a remained unchanged, while Chl b significantly decreased, resulting in the increase of Chl a/b (Li et al. 2010a) . In this work, when LL-grown wheat seedlings were transferred to HL for 6-8 d, the content of Chl (a+b), Chl a, and Chl b declined markedly, which was indicative of the occurrence of leaf senescence. However, the content of Car increased substantially from 2 DAT and then slightly declined at 6 and 8 DAT. The decrease of the Chl content indicates the reduction of antenna size, while the increase of the Car content indicates its protection role in response to HL stress (Neale and Melis 1986, Biswal 1995) . HL treatment for 6-8 d resulted in substantial degradation of Chl and photobleaching to some extent, which was consistent with previous studies (Pjon 1981 , Raval et al. 1982 , Maunders and Brown 1983 , Biswal and Biswal 1984 , Noodén et al. 1996 , Velez-Ramirez et al. 2011 . However, at 2 DAT, the increase of Chl b content in XY54 and Car content in both cultivars may partly occur due to the variation of relative water content (RWC) in sampled leaves to some extent.
HL treatment for longer than 2 d led to a substantial decline of Fv/Fm, PIABS, ETo/RC, and RC/CSm but a considerable increase of DIo/RC at 8 DAT, indicating that PSII photochemical efficiency, performance index for energy conservation from photons absorbed by PSII antenna to the reduction of QB, electron transport flux from QA -to PQ, and density of PSII reaction centers declined, while energy flux dissipated in processes other than trapping per active PSII enhanced (Stirbet and Govindjee 2011 , Kalaji et al. 2014 , Stirbet et al. 2018 . The substantial reduction of PSII photochemical efficiency demonstrated severe photooxidative stress took place for even 2 d of HL treatment. The HL treatment for longer than 2 d deteriorated the photooxidative status, which may accelerate leaf senescence. Contrastingly, the values of all the investigated fluorescence parameters in the LL8d control were approximately equal to those before transfer to HL, which was consistent with the variation of photosynthetic pigments, suggesting that PSII photochemical efficiency did not altered after LL for 8 d. Therefore, HL treatment for 6-8 d without other stress indeed resulted in very severe photooxidative stress, which was consistent with the degradation of Chl. The xanthophyll cycle-dependent thermal dissipation plays an important role in response of wheat to HL during developmental senescence in the field (Lu et al. 2001 (Lu et al. , 2002 (Lu et al. , 2003 . However, with the progression of senescence, another mechanism, possibly inactivation of PSII reaction centers, could act to protect severely senescent leaves from photooxidative stress (Dai et al. 2004) . Our data also confirmed that the enhancement of thermal dissipation plays a role in the responses to long-term HL although it was not enough to prevent leaf senescence induced by long-term HL stress.
In parallel, the Rubisco activity in both XY54 and J411 decreased significantly at 8 DAT although it was elevated by 2-4 d of HL treatment, which was consistent with Sedigheh et al. (2011) . The depression of Rubisco activity reflects the inhibition of CO2 assimilation rate, which in turn promotes the generation and damage of ROS. Interestingly, the PEPC activity in J411 decreased substantially at 6-8 DAT, while it remained less changed in XY54 at the same time. Furthermore, the PEPC activity in XY54 was higher than that in J411 at all the assayed time points, suggesting that the PEPC activity may play a role in HL tolerance of XY54. Ding et al. (2012) had previously reported that the transgenic rice overexpressing PEPC gene enhanced photoinhibition tolerance under drought stress conditions. Therefore, PEPC activity maybe the target for wheat RUE improvement through enhancement of HL tolerance.
The long-term HL stress induced degradation of photosynthetic pigments and inhibition of photochemical efficiency and CO2 assimilation enzymes activity promotes the overproduction of ROS which ultimately results in the damage of cellular membrane. As shown in Fig. 4C , the O2
•-content in both XY54 and J411 increased with prolonging of HL treatment. Meantime, the MDA content in both cultivars also increased with O2
•-content when they were subjected to long-term HL stress (Fig. 4A) . MDA is the products of cellular membrane lipid peroxidation, revealing the damage of ROS to plant cellular membrane system. The overproduction of ROS including O2
•-and MDA may result from the depression of antioxidant enzymes (Ji et al. 2002 , Procházková and Wilhelmová 2004 , De La Mata et al. 2013 . In this work, the activity of antioxidant enzymes including SOD, CAT, APX, and POD in both cultivars were inhibited significantly, although the antioxidants including AsA was increased by long-term HL, which ultimately led to the accumulation of ROS under long-term HL stress. In parallel, when subjected to long-term HL stress, both XY54 and J411 generated a large amount of soluble sugars that is usually considered to induce leaf senescence , Wingler et al. 2006 . In addition, the soluble protein content in XY54 and J411 increased significantly after HL treatment for 8 d which was different from the decline trend in nature senescing flag leaves (Li et al. 2014) . This may be ascribed to the difference between leaf senescence induced by the long-term HL stress and the developmental senescence.
SAGs are usually upregulated during leaf senescence and can be used as marker genes for senescence (Gan and Amasino 1997) . For instance, in Arabidopsis, several SAGs including SAG12 and SAG13 have been used as senescence marker genes (Diaz et al. 2005) . Uauy et al. (2006) characterized a NAC gene NAM (also termed as Gpc-B1) that regulates leaf senescence and the content of grain protein, zinc, and iron in wheat. Then, Kajimura et al. (2010) isolated nine wheat SAG cDNA clones, named as TaSAG1-9, which are upregulated during natural senescence and dark-induced senescence. These wheat SAGs or homologous SAGs (TaSAG12, TaSAG13, and TaSAG18) were used as senescence markers to study the progression of leaf senescence induced by long-term HL stress (Fig. 6) . Most of the assayed wheat SAGs were upregulated by long-term HL stress in comparison with the LL8d control, demonstrating that long-term HL stress indeed induced the leaf senescence. For instance, the expression levels of TaSAG1 encoding an aminotransferase and TaSAG5 encoding a methylcrotonoyl-CoA carboxylase were dramatically induced at 8 DAT, while those of TaSAG2 encoding seed protein B32E, TaSAG7 encoding a putative isocitrate lyase, TaSAG8 encoding a 3-ketoacyl-CoA thiolase-like protein, and TaSAG18 were highly expressed at 6 DAT in both XY54 and J411. However, the expression of TaNAM was induced markedly at 2 and 8 DAT in XY54 and J411, respectively, which was dramatically induced in senescing flag leaves. The differential expression of wheat SAGs in response to long-term HL may be ascribed to the different roles they played during leaf senescence (Buchanan-Wollaston 1997). In addition, the expression levels and patterns of wheat SAGs differed between XY54 and J411. The mRNA transcripts of nine SAGs (TaSAG2-6, TaSAG8, TaSAG12-13, TaNAM) were highly expressed in J411 relative to XY54, demonstrating that the HL-sensitive variety J411 was prone to leaf senescence under long-term HL stress.
In conclusion, long-term HL stress resulted in dramatic degradation of chlorophyll, inhibition of PSII photochemical efficiency and Rubisco activity, and overproduction of ROS and MDA due to the repression of antioxidant enzymes activity. In addition, long-term HL stress substantially induced the expression of many SAGs. Therefore, long-term HL stress led to leaf senescence of wheat and the progression of leaf senescence could be postponed in HL-tolerant genotypes.
